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2,962,646 
MOTOR CONTROL SYSTEMS 

Eric Pell, Wauwatosa, Wis., assignor t0 Cutler-Hammer, 
Inc., Milwaukee, Wis., a corporation of Delaware 

Filed July 3, 1958, Ser. No. 746,476 

21 Claims. (Cl. 318­-­258) 

This invention relates to motor control systems and 
more particularly to package type, reversible field ad 
justable voltage systems. 
A general object of the invention is to provide irn 

proved reversible, adjustable voltage motor control sys 
tems. 
A more specific object of the invention is to provide 

systems for controlling direct current motors from an 
alternating current source wherein the reversing switches 
are connected in the alternating current circuit. 
Another specific object of the invention is to provide 

direct current motors with improved field excitation bridge 
networks utilizing alternating current switches for re 
versing the field energization. ` 

Another specific object of the invention is to provide 
such bridge networks with improved means for increasing 
the efficiency thereof by decreasing the amount of current 
bypassing the field windings. 

`Other objects of the invention are to provide »motor 
control systems of the aforementioned type with package 
type control networks affording full field flux before 
armature voltage is applied, current limit acceleration and 
deceleration, regenerative braking during decelerating and 
reversing and automatic termination of such braking, 
IR drop compensation, and dynamic braking when stop 
ping. 

Other objects and advantages of the invention will 
hereinafter appear. 

While the apparatus hereinafter described is effectively 
adapted to fulfill the objects stated, it is to be under 
stood that I do not intend to confine my invention to the 
particular preferred embodiments of motor control sys~ 
tems disclosed, inasmuch as they are susceptible of various 
modifications without departing from the scope of the 
appended claims. 
The invention will now be described with reference 

to the accompanying drawings wherein: 
Figures 1A and 1B diagrammatically show a shunt 

motor control system without regulation constructed in 
accordance with the invention; 

Fig. 2 is a circuit diagram of a series motor control 
system in accordance with the invention; 

Figs. 3A, 3B, 3C and 3D show a circuit diagram of 
a shunt motor control system with regulation; and 

Fig. 4 graphically depicts current limit protection em 
bodied in the system of Figs. 3A-D. 
The relays and contactors in Figs. lA-B, 2 and 3A-D 

have been given reference characters indicative of the 
functions thereof and the numeral within the operating 
coil indicates the total number of contacts for the cor 
responding device. For example, forward control relay 
FR in Fig. I has three contacts FRI, FR2 and FR3. 

Referring to Figs. lA-B, there is shown a direct cur~ 
rent motor M having an armature A and a pair of shunt 
field windings SFI and SF2. The shunt field windings 
are connected in a bridge network having a coil a of 
relay IFR and winding SFI in one branch, coil a of relay 
ZFR and winding SF2 inthe' opposite branch, a'resistor 
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R4 in a third branch, and in the branch opposite the lat 
ter a resistor R6. Center taps on resistors R4 and R6 
are interconnected through a capacitor C for increasing » 
field energization during the cyclic variations ofthe 
rectified alternating current. Each relay IFR and 2FR 
is a polarized relay having also a coil b shown at the 
lower portion of Fig. 1B. Relays IFR and ZFR are 
adapted to close their contacts when coil a is energized 
to aid coil b as indicated by the arrows and to maintain 
their contacts open when coil a is energized in the op 
posite direction or deenergized. 
A rectifier bridge RBI having its positive and nega 

tive output terminals connected to opposite terminals 
of the field bridge network is provided for affording for 
ward euergization of the field windings. A rectifier 
bridge RBZ having its positive and negative output ter 
minals connected to the other two terminals of the field 
bridge network is provided for affording energization of 
the field windings in the reverse direction. 

Both the armature and field windings of lmotor M are 
energized from lines L1, L2 and L3 which may be con 
nected to a suitable three-phase power supply source 
(not shown). To this end, field power is supplied from 
lines LI and L2 through transformer PTI, shunt field 
rheostat SFR and contacts FAZ in shunt of resistor R8 
and then through normally open forward contacts FI 
and F2 to bridge RBI or through normally open re 
verse contacts R1 and R2 to bridge RBZ. Normally 
closed contacts VRI of a full voltage relay VR are con 
nected across rheostat SFR for preventing field weaken-y 
ing until full armature voltage has been applied. Nor 
mally open contacts FAI of a vibrating current limit 
relay FA are also connected across rheostat SFR for 
limiting the armature current during acceleration. Nor 
mally open contacts FRI and RRI of a forward control 
relay FR and a reverse control relay RR, respectively, 
are connected in parallel across resistor R8 for shunting 
the latter during normal forward or reverse operation 
of the motor. Normally closed contacts FAZ of vibrat 
ing relay FA are also connected across resistor R8 for 
limiting the armature current during reversing-plugging. 

Voltage is supplied to the armature from lines L1-3 
throught autotransformers AT1, ATZ and ATS and a 
three-phase rectifier network RN. To this end, lines 
L1-3 are connected through normally open contacts MI, 
M2 and M3 and autotransformers AT1-3, respectively, 
to a common point P. Each autotransformer is pro 
vided with three spaced taps, the ñrst taps thereof being 
connectable through normally open contacts IAI, 1A2 
and IA3 of a first accelerating relay 1A; the second taps 
thereof being connectable through normally open con 
tacts ZAI, 2A2 and 2A3 of a second accelerating relay 
2A; and the third taps thereof being connectable through 
normally open contacts 3A1, 3A2 and 3A3 of a third 
accelerating relay 3A to the input terminals of rectifierv 
network RN. 

Rectifier network RN is provided with three parallel . 
legs having pairs of rectifiers DRI and DR4, DR2 and 
DRS, and DR3 and DR6 connected in `series in the re- i 
spective legs, with a rectifier of each pair on opposite _ 
sides of the associated input terminal. Network RN ,is 
further provided with three pairs of resistors RII and 
R1­4, R12 and R15, and R13 and R16 connected in series . 
in the respective legs, one resistor being in series con 
nection between each input terminal and each rectifier. 
The output terminals of bridge RN are connected across ' 
armature A and the operating coil of relay FA in series. 
The operating coil of the aforementioned full voltage 
relay VR is connected across the output terminals of 
bridge RN. A dynamic braking resistor DBR is con 
nectable through normally open contacts DBI 0f a dy 

i namic braking contacter DB and the operating coil of 
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relay FA across- armature A. Contacts DBI are shunted 
by series connected regenerative braking resistor RBR 
and normally open contacts RBI of a regenerative brak 
ing relay RB. ' 
The operating coil of relay RB is connected for en 

ergization across the power winding output terminals P 
of. a magnetic amplifier MA. The latter is also provided 
with a bias winding B for biasing the ampliñer full “on” 
-to operate regenerative braking contactor RB and signal 
windings S1, S2 and S3 for driving the amplifier off. 
Winding S1 is connected across resistors R11 and R14, 
winding S2 is connected across resistors R12 and R15, 
and winding S3 is connected across resistors R13 and 
R16 in network RN. Bias winding B is energized from 
lines L2 and L3 through a transformer PTZ, a rectifier 
bridge> RB3 and an adjustable resistor R18. The posi~ 
tive and negative output terminals of bridge RB3 are 
also connected to energize operating coils b of relays 
IFR and ZPR in parallel. ' 
The secondary winding of transformer PT2 is con 

nected across a contro1 network CN. The latter is pro 
vided with a forward switch PS for operating av forward 
contactor F, a reverse switch RS for operating a reverse 
contactor R, and a stop switch SS. Network CN is also 
provided with a main contactor M for connecting power to 
autotransformers ATI-3, a timing relay DT for timing 
reversal of the motor, a dynamic braking contactor DB, 
a forward control relay PR, a reverse control relay RR, 
accelerating contactors 1A, 2A and 3A, and timing relays 
1T and 2T for controlling operation of the accelerating 
contactors. 
The operation of the shunt motor control system shown 

in Fig. 1 will now be described. Let it be assumed that 
a suitable three-phase alternating current power supply 
source is connected to lines L1, L2 and L3. As a result, 
power is supplied from lines L2 and L3 through trans 
former PT2 to the input terminals of rectifier bridge 
RB3 and from the positive and negative output terminals 
of the latter across operating coils b of polarized relays 
IPR and 2PR in parallel. Contacts IFRI and 2PR1 
remain open until coils a of these relays in the field wind 
ingV circuits are energized as hereinafter described. 
Power is also supplied through transformer PTZ and 

contacts DTI and DB2 to energize the operating coil of 
main contactor M. The latter closes contacts M1, M2 
and'M3 to apply power to autotransformers ATI, ATZ 
and AT3. 
Power is further supplied through transformer PT2, 

rectiñer bridge RB3 and adjustable resistor R18 across 
bias winding B of magnetic amplifier MA to bias the 
amplifier “on” The power winding output terminals 
Pf are connected to energize regenerative braking relay 
RB. Magnetic amplifier MA is of a we1l~known type 
wherein decrease in energization of signal windings S1, 
S2 and S3 turns the amplifier “on” to energize relay RB 
as hereinafter described, and the details thereof have not 
been shown to avoid complicating the drawings. 

Running forward 
To operate the motor in the forward direction, for 

ward switch FS is momentarily pressed to close contacts 
PS1 and open contacts PS2 and PS3. Contacts PS2 
interrupt a point in the energizing circuit of reverse con~ 
tactor R, contacts PS3 interrupt a point in the energizing 
circuit of dynamic braking contactor DB, and contacts 
PS1 complete an energizing circuit through stop switch 
contacts SSI, reverse switch contacts RSI and contacts 
R3 for the operating coil of forward contactor P. The 
latter closes contacts F1 and F2 to complete an energiz 
ing circuit for shunt field winding SFI in a circuit ex 
tending from lines L1 and L2 through transformer PTI; 
and then from the upper end of the secondary winding 
of the latterthrough contacts PI, a first input terminal 
and positiveV output terminal of rectiñer bridge RBI, 
shunt field winding SP1, operating coil a of relay IFR, 
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4 
resistor R4, the negative output terminal and other input 
terminal of bridge RBI, contacts F2, PAZ and VRI to 
the lower end of the secondary winding of transformer 
PTI; and from the lower end of the secondary winding 
of transformer PTI through contacts VRI, PAZ and P2, 
bridge RBI field winding SPI, operating coil a of relay 
IPR, resistor R4, bridge RBI and contacts P1 to the 
upper end ofthe secondaryV winding. Shunt field winding 
SP2 is energized in parallel with shunt field winding SPI 
in a circuit extending from the positive output terminal 
of bridge RBI through resistor R6, operating coil a ofA 
relay ZFR and winding SF2 to the negative output ter 
minal of bridge RBI. 
Forward contactor P also closes contacts P3 to com 

plete a self-maintaining circuit for its, operating coil 
through contacts R3, RSI and DTI, the latter contacts 
being in shunt of contacts S81 and PS1 so that the for 
ward switch may be released. Contactor P further opens 
interlocking contacts P4 to prevent concurrent energiza 
tion of reverse contactor R, and closes contacts P5 to 
partially complete an energizing circuit for the operating 
coil of forward control relay PR. 
When shunt field winding SPI is fully energized, operat 

ing coil a of polarized relay 1PR energizes to aid the 
magnetic force of its coil b and contacts IPRI close to 
complete an energizing circuit forv the operating coil of 
relay FR. This circuit may be traced through contacts 
SSI, DB3 and IPRI, the operating coil of relay PR and 
contacts P5. Relay PR closes contacts PRZ to complete 
a self-maintaining circuit in shunt of contacts IPRI and 
closes contacts PRI to shunt resistor R8 effectively out 
of the field winding circuit; contacts PAZ opening during 
motor acceleration as hereinafter described. Relay PR 
also closes contacts FR3 to energize the operating coil 
of timing relay 1T through contacts SSI and DB3, and 
to energize the operating coil of first step accelerating 
contactor 1A in parallel therewith through contacts ITI. 

Contactor IA closes contacts IAI, îiAZ and 1A3 to 
apply power from autotransformers AT1, ATZ and AT3 
to the armature winding A of the motor. More spe< 
cifically, a first phase circuit extends from line LI 
through contacts MI, autotransformers AT1, contacts 
IAI, resistor R11, rectifier DRI, armature A, operating 
coil of relay FA, rectifier DR6, resistor R16, contacts 
IA3, autotransformer AT3 and contacts M3 to line L3. 
A second phase circuit extends from line L2 through 
contacts M2, autotransformer ATZ, contacts IAZ, re~ 
sistor R12, rectifier DRZ, armature A, operating coil 
of relay PA, rectifier DR4, resistor R14, contacts IAi, 
autotransformer AT1 and contacts M1 to line L1. A 
third phase circuit extends from line L3 through con» 
tacts M3, autotransforrner ATS, contacts 1A3, resistor 
R13, rectifier DR3, armature A, operating coil of relay 
PA, rectifier DRS, resistor R15; contacts IA‘Z, autotrans 
former ATZ and contacts M2 to line L2. Contactor 1A 
also opens contacts IA4 to prevent energization of sec 
ond step accelerating contactor 2A until contactor 1A is 
again effectively deenergized. 
In response to the load current flowing through net 

work RN, signal. winding S1 is energized across resistors 
R11 and R14, signal winding S2 is energized across re 
sistors R12 and R15. and signal winding S3 is energized 
across resistors R13 and R1(r to bias amplifier MA a 
predetermined amount beyond cut-off. As a result, the 
operating coil of relay RB is deenergized to open con 
tacts RBI. 
Armature A and shunt field windings SFI and SP2 be~ 

ingthus energized, the motor starts in the forward direc~ 
tion and accelerates to a. first speed point. 

After a predeterminedv time interval, contacts ITi 
open and contacts IT2 close. Contacts ITI interrupt 
energization of contactor 1A and contacts 1T2 partially 
complete an energizing circuit for contactor 2A which 
is completed on closure of contacts IA4 and completes 
an energizing circuit for timing relay 2T. These cirf 
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cuits may he traced from transformer PTZ through con 
tacts SS-l, DB3, FR3, and IT2 and the operating coil 
of relay 2T and in parallel with the latter through con 
tacts 2TI, the operating coil of contactor 2A and con 
ltacts IA4. Contactor 2A closes contacts 2AI, 2A2 „and 
2A3 to apply a higher voltage from the autotransformers 
to armature A. As a result, the motor accelerates to a 
-second speed point. 

After another predetermined time interval, contacts 
2T1 open to interrupt energization of contactor 2A and 
contacts 2T2 partially complete an energizing circuit for 
the operating coil of contactor 3A which is completed 
on closure of contacts 2A4. Contactor 3A closes con 
tacts 3AI, 3A2 and 3A3 to apply full voltage from the 
three-phase autotransformer to the motor armature. As 
a result, the motor accelerates to a third and last speed 
point. 
When full voltage is applied to the armature, the 

operating coil of relay VR is energized in parallel with 
the armature and opens contacts VRI to interrupt the 
shunt across field rheostat SFR. As will be apparent, 
relay VR maintains contacts VRI closed to prevent field 
weakening until full voltage has been applied to the 
armature. 

Further acceleration of the motor is attained by oper 
ating rheostat SFR in the direction of the arrow to 
weaken the shunt fields. As a result, coil a of relay 
IFR may deenergize sufficiently to permit opening of 
contacts IFRI; however, relay FR is maintained ener 
gized through contacts FRZ. 

Current limiting during acceleration by field weaken 
ing is provided by relay FA. When the movable arm 
of field weakening rheostat SFR is suddenly turned in the 
clockwise direction to increase the resistance and thus 
to weaken the shunt field, the armature current increases. 
As a result, the operating coil of relay FA energizes in 
series with the armature to limit the armature current. 
To this end, relay FA closes contacts FAI to shunt the 
field rheostat SFR effectively out of the circuit and there 
by to strengthen the field. The resultant increase in 
field energization limits the armature current to a safe 
value. Relay FA also opens contacts FAZ without effect 
because contacts FRI in shunt thereof are closed. When 
the armature current decreases, the energization of relay 
FA is decreased, opening contacts FAI to weaken the 
field and afford further acceleration and increase in 
armature current. This causes relay FA to reclose and 
again shunt the field rheostat. Thus, the contacts of 
relay FA vibrate until the motor has accelerated sufñ 
ciently at limited current so that the opening of contacts 
FAI does not produce high enough armature current to 
energize the relay co-il. 
The motor now runs in the forward direction ata speed 

determined by the setting of shunt field rheostat SFR. 
Contactors M, F and 3A and relays VR, FR, IFR, IT 
and 2T remain energized. 

Regenerative braking 
To decrease the speed of the motor, rheostat SFR is 

turned in lche counterclockwise direction to decrease its 
resistance and to strengthen the shunt field. As a result, 
the counter of the armature increases to- decrease 
the load current. The resultant decrease in energization 
of signal windings SI, SZ and S3 of magnetic amplifier 
MA drives the latter “on” to energize regenerative brak 
ing relay RB. Contacts RBI close to complete a re 
generative braking circuit from the left~hand side of arma 
ture A through resistors DBR and RBR, contacts RBI 
and the operating coil of relay FA to the right-hand side 
of armature A. Thus, regenerative braking is applied to 
the motor to decrease its speed. 

It will be apparent that when the motor speed has de? 
creased to a constant value, the load current increases 
tol reenergize signal windings„S1,.S2 and S3 to bias am 
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plifier MA off and deenergize relay RB to terminate re 
generative braking. 

Stopping with dynamic braking 
To stop the motor, stop switch SS is pressed to open 

contacts SSI and to close contacts SS2. Contacts SS1 
interrupt energization of contactor 3A and relays FR,l 
IT and 2T. Contacts SAI, 3A2 and 3A3 disconnect 
power from rectifier network RN and, consequently, from 
the motor armature. Relay VR deenergizes and closes 
contacts VRI to shunt the Vfield rheostat effectively out 
of the circuit to strengthen the shunt field energization. 
Contacts SS2 complete an energizing circuit for the paral- ' 
lel connected operating coils of timing relay DT and 
dynamic braking relay DB through contacts RS3 and FSS. 
It will be apparent that the latter contacts prevent dy 
namic braking of the motor if either the forward switch 
or >the reverse switch is pressed. 

Relay DB closes contacts DBI to complete -a dynamic 
braking loop circuit extending from the left-hand side of 
armature A through dynamic braking resistor DBR, con 
tacts DBI and the operating coil of relay FA to the right 
hand side of armature A. As a result, dynamic braking 
is applied to the motor for a predetermined time interval 
depending upon the setting of timing relay DT. Con 
tacts DTI of relay DT may be set to` open when the motor 
approaches zero speed. , 

Contactor DB also opens contacts DB2 to interrupt 
energization of main contactor M thereby to disconnect 
power from the autotransformers, opens contacts DB3 to 
further interrupt the circuit of contactor 3A and relays 
FR, 1T and 2T, and closes contacts DB4 to complete 
ya self-maintaining circuit in shunt of contacts SSZ s0 
that the stop switch may be released. 

After the aforementioned time interval, timed opening 
contacts DTI open to interrupt energization of forward 
contactor F. The latter opens contacts F1 and F2 to 
disconnect power from the shunt field windings. Under 
these conditions, the motor has stopped and contactor 
DB remains energized until a forward or reverse switch 
is again pressed or the power supply switch (not shown) 
is opened. 

Reversing plugging 
Let it be assumed that the motor is operating in the 

forward direction as hereinbefore described and reverse 
switch RS is pressed to open contacts RSI and RS3 and 
to close contacts RSZ. Contacts RSI interrupt energiza 
tion of forward contactor F. The latter opens contacts 
F1 and F2 to disconnect power from the field windings, 
opens contacts F3 to interrupt its self-maintaining circuit, 
elo-ses contacts F4 to complete an energizing circuit for 
the operating coil of reverse contactor R, and opens con 
tacts FS to interrupt energization of relay FR. The cir 
cuit of contactor R may be traced through contacts SSI, 
RSZ, F82 and F4. 

Relay FR opens contacts FRI to interrupt the shunt 
across resistor R8, opens contacts FRZ to interrupt its 
self~rnaintaining circuit, and opens contacts FR3 to in 
terrupt energization of relays 1T and 2T and contactor 
3A. The latter opens contacts 3A1, 3A2 and 3A3 to 
disconnect power from armature A .and to deenergize 
relay VR and to energize relay RB. 

Reverse contactor R closes contacts R1 and R2 to en­ 
ergize field windings SFI and SF2 in the reverse direc 
tion. This circuit may be traced from the upper end 
of the secondary winding of transformer PTI through 
contacts RI, rectifier bridge RB2, operating coil a of 
relay IFR, winding SFI, resistor R6, bridge RB2, and 
contacts R2, FAZ and VRI to the lower end of the sec 
ondary winding. The circuit of each alternate half-cycle> 
extends from the lower end of the secondary winding 
of transformer PTI through contacts VRI, FAZ and R2, 
bridge RB2, coil a o-f relay IFR, winding SFI, resistor 
R6, bridge RB2 and contacts R1 to the upper end of the ‘i 
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secondary winding. Winding SFZ is `energized in the4 
reverse direction in parallel with winding SFI across 
the positive and negative output terminals of bridge RBZ 
through resistor R4, winding SF2 and operating coil a 
of relay ZFR. 
The reversal of the field energization reverses the 

counter ofthe armature while the motor is still 
rotating in the forward direction. As a result, a high 
current flows from the right-hand side of armature A 
through the operating coil of relay FA, and bridge circuit 
RN in parallel with contacts RBî and regenerative brak 
ing resistor RBR and dynamic braking resistor DBR to 
they left-hand'side of armature A to regeneratively brake 
the motor. Relay FA energizes and opens contacts FAl 
to insert resistor R8 effectively in the field winding‘circuit. 
Thus, the field is weakened or regulated to some predeter 
mined value of armature current. 
When the motor approaches zero speed, relay FA de 

energizes to close contacts FAI and strengthen the field 
energization. As a result, operating coil a of relay ZFR 
energizes to aid the magnetic force of its coil b and con 
taots ZFRI close to effect energization of relay RR. The 
latter­ closes contactsA RRI to complete another shunt 
across resistor R8, closes contacts RRZ to complete a self 
maintaining circuit in shunt of contacts ZFRf, and closes 
contacts RRS to effect energization of timing relay IIT 
and contactor IA. The latter closes contacts lAI, IAZ 
and IAS lto reapply power to armature A and effect 
rotation thereof in the reverse direction. The load cur 
rent biases amplifier MA off to deenergize relay RB. Tim 
ing relay IT then operates as hereinbefore described to 
operate contactor ZA and timing relay ZT and the lat 
ter operates contactor 3A to apply full voltage to the 
armature. 
As a result, relay VR energizes and opens contacts 

VRI to interrupt the shunt across field rheostat SFR t0 
afford further increase in motor speed by field weaken 
lng. 

Referring to Fig. 2, there is shown a direct current 
motor M having an armature A and series field windings 
FWI and FWZ. Each winding FWI and FWZ is pro 
vided with the same number of turns employed in a motor 
having a single field winding because one-half the arma 
ture current fiows through each winding. Windings F W1 
and FWZ are connected in the opposite branches of a 
field bridge network, a third branch thereof having resis 
tor R4 and operating coil a of relay CR connected in 
series, and the fourth branch opposite the third branch 
having resistor R6 and operating coil b of relay CR 
connected in series. Opposite terminals ofthe field bridge 
network are connected to the positive output terminal of 
a rectifier bridge RBI and through parallel connected 
resistor R8 and normally closed contacts R3 of a reverse 
contactor R to the negative output terminal of bridge 
RBI for forward energization of the field windings. The 
other opposite terminals of the field bridge network are 
connected to the positive output terminal ot a rectifier 
bridge RBZ and through parallel connected resistor Riti 
and normally closed contacts F3 of a forward contactor 
F to the negative output terminal of bridge RBZ for 
reverse energization of the field windings. 

« A preamplifier MAI and a power amplifier MAZ of the 
magnetic type are provided` for supplying and controlling 
power from power supply lines L4 and L5 to the armature 
and series field windings of motor M. To this end, pre 
amplifier MAI is provided with power windings P, ref 
erence windings RF and signal windings S. Lines L4 and 
L5 are connectable through normally open contacts MI 
and MZ to the input terminals of preamplifier MA while 
the positive and negative output terminals of the pre 
amplifier are connected through a resistor R12 across 
regulating windings RG of power amplifier MAZ. Pre 
amplifier MAI is provided with the usual rectifier bridge 
comprising a rectifierl DR7 connecting the left-hand power 
winding B to the positive output terminal, a rectifier DRS, 
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connecting the negative output terminal to the upper input 
terminal, a rectifier DR9 connecting the upper input ter 
minal to the positive output terminal, and a rectifier DRIO 
connecting the negative output terminal to the right-hand 
power winding P, the lower input terminal being at the 
junction of the power windings. Reference windings RF 
are connected in series with an adjustable resistor R13 
across a series armature resistor SAR and sisgnal windings 
S are connected through a speed setting rheostat RH and 
an adjustable resistor R14 across armature A. A filter 
network comprising a series connected resistor RIS and 
a capacitor C1 is connected across rheostat RH and arma 
ture A. 

Power amplifier MAZ is provided with power windings 
P, current limit windings CL, bias windings B and the 
aforementioned regulating windings RG. Lines L4 and 
L5 are connected through a rectifier bridge RBS, a resis 
tor R16 and an adjustable resistor R18 to bias windings 
B. A filter capacitor CZ is connected across resistor R18 
and bias windings B. Current limit windings CL are con 
nected through an adjustable resistor R20, a Spillover bias 
resistor R22 and a rectifier DRIZ across series armature 
resistor SAR. Spillover bias voltage for current limiting 
is provided from lines L4 and L5 through transformer PT 
and a rectifier bridge RB4 across resistor RZZ of a polar 
ity opposite to the normal voltage drop across resistor 
SAR. 

Line L4 is connectable through contacts MI and then 
through normally open contacts F1 to the upper input 
terminal of forward rectifier bridge RBI and through 
normally open contacts R1 to the upper input terminal 
of reverse rectifier bridge RBZ. Line L5 is connectable 
through contacts MZ, the left-hand power winding P of 
power amplifier MAZ and rectifier DRI4 to the lower 
input terminal of a rectifier bridge RBS while a reverse 
path extends from the lower input terminal of bridge RBS 
through a rectifier DRI6, the right-hand power winding 
P of amplifier MAZ and contacts MZ to line L5. The 
upper input terminal of bridge RBS is connectable through 
normally open contacts FZ to the lower input terminal of 
forward bridge RBI and through normally open contacts 
RZ to the lower input terminal of reverse bridge RBZ. 
The positive output terminal of bridge RBS is connected 
through resistor SAR and armature A to the negative out 
put terminal of bridge RBS. A dynamic braking circuit 
extends from the left-hand side of armature A through 
resistors SAR and R24, normally open contacts DB1 and 
F1, bridge RBI, field winding FWI, resistor R6, coil b 
of relay CR, contacts R3, bridge RBI, contacts F2, 
dynamic braking resistor DBR and contacts DB2 to the 
right-hand side of armature A. In the dynamic braking 
loop circuit, field winding FWZ is connected in parallel 
with field winding FWI across the output terminals of 
bridge RBi through resistor R4, coil a of relay CR, wind 
ing FWZ and contacts R3. 
A control network CN is connected across lines L4 and 

L5 for controlling motor M. Network CN comprises a 
master switch MS of the manual drum type or the like 
having forward, off and reverse operation positions, a 
main contactor M for connecting lines L4 and L5 to 
power amplifier MAZ, a forward contactor F for forward 
running of the motor, a reverse contactor R for reverse 
running of the motor, and a dynamic braking contactor 
DB. Contactors M and DB are mechanically as well as 
electrically interconnected to prevent braking the motor 
while power is connected thereto. 
The operation of the system shown in Fig. 2 will now 

be described. Let it be assumed that a suitable alternating 
current power supply source is connected to lines L4 and 
LS. As a result, power is applied from lines L4 and L5 
across the input terminals of rectifier bridge RB?, and 
from the positive and negative output terminals of the 
latter across bias winding B of power amplifier MAZ to 
bias the latter to cut-off. This circuit may be traced from 
the positive terminal ofbridgeRBôthrough. resistor R16, 
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adjustable resistor R18, bias winding B of power amplifier 
MAZ to the negative terminal of bridge RB3. 
To start the motor in the forward direction, master 

switch MS is turned in the direction of the light-hand 
directed arrow to its forward operating position to close 
contacts MS1 and MSS, to maintain contacts MS4 closed 
and to open contacts M83 and MS7. Contacts MSI par 
tially complete an energizing circuit for main contactor 
M. Contacts MSS prevent energization of dynamic brak 
ing contactor DB. Contacts MS‘4 perform no useful 
function at this time. Contacts MS7 interrupt the shunt 
`across contacts CR1 and contacts MSS complete an ener 
gizing circuit for forward contactor F through contacts 
R6 across lines L4 and LS. Contactor F closes contacts 
F1 and FZ to partially complete an energizing circuit for 
the armature and series field windings of the motor, and 
opens contacts F3 to insert high resistor R in parallel with 
field winding FZ. Contactor F also closes contacts F4 
to complete the energizing circuit of main contactor M 
through contacts MSI and DB3, closes contacts FS to par 
tially complete an energizing circuit for dynamic braking 
contactor DB, opens interlocking contacts F6 to prevent 
concurrent energization of reverse contactor R, and closes 
contacts F7 to partially complete a self-maintaining cir 
cuit for contactor F. 
Main contactor M being thus energized, closes contacts 

M1 and M2 to connect power supply lines L4 and LS to 
magnetic amplifiers MA1 and MA2. T he power supply 
circuit to magnetic’ amplifier MA1 may be traced from 
line L4 through contacts M1, the left-hand power winding 
P of amplifier MA1, rectifier DR7, regulating winding RG 
of amplifier MAZ, resistor R12, rectifier DR8 and contacts 
M2 to line L5; and from line L5 through contacts MZ, 
rectifier DR9, regulating winding RG, resistor R12, rec 
tifier DR10, the right-hand power winding P of amplifier 
MA1 and contacts M1 to line L4. The power supply 
circuit to magnetic amplifier MAZ may be traced from 
line L4 through contacts M1 and F1 and rectifier bridge 
RB1 where it divides; one branch extending through field 
winding FW1, resistor R6 and coil b of relay CR; and the 
other branch extending through resistor R4, coil a of relay 
CR, and field winding FWZ; and then through contacts 
R3, rectifier bridge RB1, contacts F2, rectifier bridge RBS, 
resistor SAR, armature A, rectifier bridge RBS, rectifier 
DR16, the right-hand power winding P of amplifier MAZ 
and contacts MZ to line LS. The power supply circuit 
for amplifier MAZ for each alternate half-cycle extends 
from line LS through contacts MZ, the left-hand power 
wind-ing P of amplifier MAZ, rectifier DR14, bridge RBS, 
resistor SAR, armature A, bridge RBS, contacts FZ and 
rectifier bridge RB1 where it divides, one branch extend 
ing through field winding FW1, resistor R6, and coil b 
of relay CR and the other branch extending through re 
sistor R4, coil a of relay CR and field winding FWZ, 
and then through contacts R3, bridge RB1 and contacts 
F1 and M1 to line L4. However, power amplifier MAZ 
does not permit current flow to the armature and field 
windings until it is driven to an “on” condition as here 
inafter described. 

Power is also supplied from lines L4 and LS through 
transformer PT across the input terminals of rectifier 
bridge RB4 and from the positive and negative output 
terminals of the latter across resistor R22 to provide a 
bias voltage for spillover current limiting as hereinafter 
described. 
The power supplied from lines L4 and LS to pre 

amplifier MA1 drives the latter approximately half “on.” 
The resultant output from preamplifier MA1 is applied 
through resistor R12 to regulating winding RG of power 
amplifier MAZ to drive the letter to an “on’f condition. 
As a result, current liows in series through the field and 
armature windings of the motor in the circuit hereinbe 
fore described to start the motor rotating in the forward 
direction. 

Since this is av series motor and the field energization 
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10 
varies with the load, the speed is determined by match-l 
ing a reference voltage proportional to load currentI 
against a signal voltage proportional to armature volt 

To this end, a reference voltage proportional to' 
armature current is fed back from the lower, positive' 
end of series armature resistor SAR through reference­ 
winding RF and resistor R13 to the upper, negative end 
of resistor SAR. A signal voltage proportional to arma 
ture voltage is fed back from the left-hand side of arma 
ture A through speed setting rheostat RH, signal winding 
S and resistor R14 to the right-hand side of armature A. 
Energization of reference winding RF drives the pream-` 
plifier toward its “on” condition and energization of sig 
nal winding S drives the preamplifier toward its “off” 
condition. Therefore, the speed of the motor may be 
adjusted by operating speed setting rheostat RH to ad 
just the energization of signal winding S. Operation of 
rheostat RH in the direction of the clockwise arrow de 
creases the energization of signal winding S to increase 
the output of preamplifier MA1 and, consequently, to 
increase the motor speed. Conversely, operation of rheo 
stat RH in the counterelockwise»direction increases the 
energization of signal winding S to decrease the output` 
of preamplifier MA1. As a result, the motor speed is 
decreased. A network comprising series connected re 
sistor R15 and capacitor C1 is connected across rheo 
stat RH and armature A to filter the voltage fed back 
from the armature to signal winding S. 
When rheostat RH is operated in the clockwise di 

rection to increase the armature voltage, the motor draws 
a high current from the power supply lines. Normally 
the spillover bias voltage drop across resistor R22 is 
more or equal to the voltage drop across resistor SAR 
and in opposite directions so that no current flows 
through current limit winding CL. However, when the 
armature current exceeds a predetermined value in re 
sponse to increase in armature voltage, the voltage drop 
across resistor SAR exceeds the voltage drop across re 
sistor R22 and a current flows from the lower, positive 
end of resistor SAR through resistor R20, current limit 
winding CL, resistor R22 and rectifier DR12 to the up» 
per, negative end of resistor SAR. Energization of cur 
rent limit winding CL decreases the output of power 
ampliñer MA2. As a result, the corresponding decrease 
in armature voltage limits the armature current to a 
safe value. The amount of current limiting may be pre 
determined by the value of spillover bias voltage sup 
plied by rectifier «bridge RB4 and adjustment of resistor 
R20. 
To stop the motor, master switch MS is turned to its 

of‘t' position to open contacts MSI and MSS and to close 
contacts MS3 and MS7. Contacts M53 partially com 
plete an energizing circuit for dynamic braking contactor 
DB, contacts MS7 complete a maintaining circuit for the 
operating coil of forward contactor F through contacts 
F7 and R6, contacts MSS interrupt the original ener 
gizing circuit of contactor F, and contacts MSI inter 
rupt energization of main contactor M. The latter opens 
contacts M1 and M2 to disconnect power from the mo 
tor, and closes contacts M3 to complete the energizing 
circuit of dynamic braking contactor DB through con 
tacts FS and MS3. Contactor DB closes contacts DB1 
and DBZ to complete a dynamic braking circuit from 
the left side of armature A through resistors SAR and 
R24, contacts DB1 and F1, bridge RBI, field winding 
FW1, resistor R6, operating coil b of relay CR, contacts 
R3, bridge RBI, contacts FZ, dynamic braking resistor 
DBR and contacts DB2 to the right side of armature. 
Armature A supplies the field in this circuit and forces 
current through resistor DBR to brake the motor. Field 
winding FWZ is supplied l‘y the armature in parallel with 
winding FW1 in a circuit extending through resistor 
R4, coil a of relay CR and winding FWZ to contacts R3. 
To operate the motor in the reverse direction, masterl 



acca-64e 

switch MS is turned to its reverse operating position to 
close contacts MS2 and M86, to maintain contacts MSS 
closed and to open contacts M84 and MS7. Contacts 
MS7 interrupt energization of forward contactor F. Con 
tacts M86 effect energization of reverse contactor R 
through contacts F6. Contacter R closes contacts R1 
and R2 to partially complete a reverse energizing cir 
cuit for field windings FWl and FWZ, opens contacts R3 
to insert resistor RS in circuit, closes contacts R4 to ef 
fect energization of main contactor M through contacts 
MS2, closes contacts R5, opens contacts R6 and closes 
R7 to partially complete a self-maintaining circuit. Con 
tactor M closes contacts M1 and M2 to complete the 
reverse energizing circuit for the motor and opens con 
tacts M3. 
The reverse energizing circuit of the motor may be 

traced from line L4 through contacts Ml and R1, rec~ 
tifier bridge RBZ, winding FWl, resistor R4, coil a of 
relay CR, contacts F3, rectifier bridge RBZ, contacts R2, 
bridge RBS, resistor SAR, armature A, bridge RBS, rec 
tiñer` DR16 and the right-hand power winding P of am 
plifier MAZ, and contacts M2 to line L5. The circuit 
of each alternate half-cycle may be traced from line L5 
through contacts M2, the left-hand power winding P 
and rectifier DR14 of amplifier MAZ, bridge RBS, re 
sistor SAR, armature A, bridge RBS, contacts R2, bridge 
RB2, field winding FWl, resistor R4, coil a of relay CR, 
contacts F3, bridge RBZ, and contacts Rf and M1 to 
line L4. Field winding FWZ is energized in the reverse 
direction in parallel with winding FW1 in a circuit ex 
tending through resistor R6, coil b of relay CR, and 
winding FW2 to contacts F3. it will be apparent that 
reverse operation of the motor is attained by reversing 
the field while the armature is always energized in the 
same direction. The opening of contacts R3 provides 
a high resistance conductive path in shunt of winding 
FW2 extending from the right-hand end of the latter 
through resistor R8, rectifier bridge RBI, resistor R4 
and coil a of relay CR to the left-hand end of winding 
FWZ to permit current flow in response to the inductive 
reactance of winding FWZ. Coils a and b of relay CR 
energize in series, respectively, with the field windings 
to close contacts CR1. The latter complete a maintain 
ing circuit for reverse contactor R through contacts R7 
and F6. 

Let it be assumed that motor M is operating in the 
forward direction and master switch MS is turned all 
the way to its reverse operating position to plug the 
motor. Forward contactor F is maintained energized 
through contacts CRL F7 and R6. Contacts MSî open 
to interrupt energization of main contactor M. rf‘he 
latter opens contacts M1 and M2 to disconnect power 
from the motor, and closes contacts M3 to complete an 
energizing circuit through contacts MSS and F5 and the 
operating coil of dynamic braking contactor DB. The 
latter closes contacts DB1 and DB2 to complete the dy 
namic braking circuit through resistor DBR as herein 
before described, and opens contacts DB3 to further in 
terrupt the circuit of contactor M. 
When the motor approaches zero speed under dynamic 

braking and the field energization supplied by armature 
R decreases to a predetermined value, relay CR opens 
contacts CR'î to interrupt the maintaining circuit of for 
ward contactor F. The latter opens contacts Fl and F2 
to interrupt the dynamic braking circuit, opens contacts 
FS to interrupt energization of contactor DB, and closes 
contacts F6 to effect energization of reverse contactor 
R through contacts M86. The latter effects reverse en 
ergization of the motor as hereinbefore described. 

Referring to Figs. 3A, 3B, 3C and 3D, there is shown 
a shunt motor control system with regulation. The sys 
tem is provided with a direct current motor M (Fig. 
3A) having an armature A and a pair of shunt field 
windings SFI and SF2. The. shunt ñe'ld windings are 
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connected in a bridge network as described in connec~ 
tion with Fig. 1 except that there is additionally pro 
vided in series with winding SFI the operating coil of a 
field failure relay FL. Relay FL is a protective device 
which responds to disconnect power from the armature 
in the event of a failure of the field energization as here 
inafter described. 
The field bridge network is supplied with full-wave 

rectified alternating current through rectifier bridge RBI 
for forward strengthening and reverse weakening of the 
field and through rectifier bridge RBZ for reverse strength 
ening and forward weakening of the field. To this end, 
there is provided a field'strengthening network FSN and 
a field weakening network FWN hereinafter more fully 
described. 
The system is supplied with power from lines L6, L7 

and L8 which may be connected to a suitable three-phase 
alternating current power supply source (not shown). 
The armature power supply network is provided with a 
three-phase rectifier network RN, power amplifiers MAS, 
MA4 and MAS, a current limit amplifier MAá, a pre 
amplifier MA7, and a regenerative braking amplifier 
MAS. The aforementioned amplifiers are preferably 
of the magnetic type. 
Each power amplifier MAS-5 is provided with a pair 

of power windings P each having a saturating rectifier 
DR14 and DR16 in series as in amplifier MAZ in Fig. 2 
for unidirectional conduction therethrough, IR drop 
compensation windings COMP, bias windings B, regulat 
ing windings RG, and current limit windings CL. Lines 
L6, L7 and LS are connected through normally open 
contacts M1, M2 and M3 of a main contactor M, power 
windings P and associated rectifiers of power amplifiers 
MAS, MA4 and MAS and the three legs of rectiñer 
network RN, respectively, and then through a series 
armature resistor SAR and normally open contacts RBI 
of a regenerative braking control relay RB across arma 
ture A. Network RN is provided with series-connected 
pairs of rectifiers DRI and DRAE», DR2 and DRS, and 
DRS and DRG in the respective legs thereof with the out 
puts of power amplifiers MAS, MA4 and MAS being 
connected to the junctions of the respective rectifier pairs. 

Compensation windings COMP of the power amplifiers 
are connected in series with one another and through an 
adjustable resistor R36 across series armature resistor 
SAR for controlling the armature voltage as a function 
of the load current. Bias windings B of the power ampli 
fiers are connected in series through an adjustable resis 

V tor R32 across the positive and negative output terminals 
of a rectifier bridge RBS (Fig. 3B), the input terminals 
of the latter being connected through a transformer PTB 
across power supply lines L7 and LS. Regulating wind 
ings RG of the power amplifiers are connected in series 

, through resistors R34 and R36 across the positivev and 
negative output terminals of preamplifier MA7. The 
junction of resistors R34 and R36 is connected through 
a filter network comprising series connected resistor R33 
and capacitor C3 to the negative terminal of preamplifier 
MA7 so that the filter network is connected in shunt of 
resistor R36 and the preamplifier. Current limit windings 
CL of the power amplifiers are connected in series with 
resistors R40 and R42 across the positive and negative 
Output terminalsu of current limit amplifier MA6. A filter 
network comprising series connected resistor R44 and 
capacitor C4 is connected from the junction of resistors 
R40 and R42 across the currentV limit amplifier. 

Current limit amplifier MA6 is provided with a pair 
of power windings P, signal windings S and reference 

.windings RF. Power windings P are connected in a 
rectifier bridge similar to the bridge in preamplifier MA1 
of Fig. 2 and comprising rectifiers DR7-l6, the bridge 
having input terminals connected to transformer PTS 
and positive and negative output terminals which con 

«, stitute> the output terminals of the amplifier connected 
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to the current limit windings CL of the power amplifiers y 
as hereinbefore described. Signal windings S are con 
nected in series with an adjustable resistor R46 across 
series armature resistor SAR. Reference windings RF 
are connected in series with a resistor R48 and an arma- , 
ture current limit adjusting rheostat RH1 across the posi 
tive and negative output terminals of rectifier bridge 
RBS (Fig. 3B). . 

Preamplifier MA7 is provided with a pair of power 
windings P connected in a bridge comprising rectifiers 
DR7~10 hereinbefore described and having its input ter 
minals connected to transformer PTS. The positive and 
negative output terminals of the bridge are connected to 
regulating windings RG of the power amplifiers as herein 
before described. Preamplifier MA7 is also provided 
with signal windings S, reference windings RF and bias 
windings B. Signal windings S are connected in series 
with resistors SAR and R50 in a half-wave rectifier 
DR12 across armature A. Reference windings RF are 
connected in series with an adjustable portion of a speed 
setting rheostat RHZ and parallel connected normally 
open contacts FRI and RRI of forward and reverse con 
trol relays FR and RR, respectively, across the output 
terminals of rectifier bridge RBS. Bias windings B are 
connected in series with an adjustable resistor R52 across 
the output terminals of rectifier bridge RBS. 

Regenerative braking amplifier MA8 is provided With ~ 
a pair of power windings P connected in a bridge com 
prising rectifiers DR7-10 hereinbefore described and hav 
ing its input terminals connected to transformer PTS. 
The positive and negative output terminals of the bridge 
are connected to the operating coil of a regenerative 
braking relay IRB. Alternatively, the output terminals 
may be connected, as indicated by the broken lines, to 
the energizing coil of an eddy current brake ECB which 
may be mechanically coupled to the motor shaft.' 
Amplifier MAS is also provided with signal windings S 
connected in series with a resistor R54 across series arma 
ture resistor SAR. Amplifier MAS is further provided 
with bias windings B connected in series with an adjust 
able resistor R56 across the output terminals of rectifier 
bridge RBS. 
The aforementioned dynamic braking resistor DBR is 

connectable in series with resistor SAR and normally 
open contacts DB1 of a dynamic braking contactor DB 
across armature A. A regenerative braking resistor 
RBR1 is connectable through normally open contacts 
2RB1 of a regenerative braking contactor ZRB in shunt 
of contacts DB1 to form a regenerative braking loop 
circuit across armature A. A regenerative braking 
control resistor RBR2 is connected across the afore 
mentioned contacts RB1 in the armature circuit for in 
creasing the regenerative braking torque during plugging 
as hereinafter described. The operating coil of a full 
voltage relay VR is connected in series with resistor SAR 
and contacts RBI across armature A. 

Field strengthening network FSN in Fig. 3C is pro 
vided with a field supply amplifier MA9, a preamplifier 
MA10 and a decelerating current limit amplifier MA11. 
Amplifier MA9 is provided with a pair of power wind 
ings P, the left-hand power winding being connected to 
the positive output terminal of the amplifier through a 
saturating rectifier DR14 and the negative output ter-> 
minal being connected to the right-hand power winding 
through a saturating rectifier DR16. A pair of resistors 
R58 and R60 are connected in series between the positive 
and negative output terminals. A transformer PT4 (Fig. 
3B) having a primary winding connected across lines L6 
and L8 and a pair of secondary windings S1 and S2 is 
provided for supplying network FSN and for energizing 
the motor field windings. 
To this end. one side of secondary winding S1 is con 

nectable through normally open contacts F1 of a forward 
contactor F to a first input terminal of field supply 
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14 
.rectifier bridge RBI, or alternatively, through normally' 
open contacts R1 of a reverse contactor R to a first input 
terminalv of field supply rectifier bridge RBZ. As herein 
before described bridges RBI and RB2 are provided for­ 
forward and reverse energization, respectively, of the field 
windings. The other side of secondary winding S1 i's 
connected to the junction of power windings P of ampli 
fier MA9. The junction of resistors R58 and R60 is 
connected through normally open contacts F2 to the other 
input terminal of rectifier bridge RBI, or alternatively, 
through normally open contacts R2 to the other input 
terminal of rectifier bridge RBZ. The positive and nega 
tive output terminals of amplifier MA9 are connected 
through a resistor R62 to signal windings S of preampli 
fier MA10 to supply negative feedback for maintaining 
the field current constant as hereinafter more fully 
described. 

Field supp-ly amplifier MA9 is also provided with bias 
windings B, current limit windings CL and regulating 
windings RG. Bias windings B are connected in series 
with an adjustable resistor R64 across the output termi 
nals of rectifier bridge RBS. Current limit windings CL 
are connected in series with an adjustable resistor R66 
to the positive and negative output terminals of decel 
erating current limit amplifier MA11. Regulating wind 
ings RG are connected in series with a resistor R68 to the 
positive and negative output terminals of preamplifier 
MA10. . 

Preamplifier MA10 is provided with a pair of power 
windings P connected in a bridge comprising rectifiers 
DRT-10 hereinbefore described and having its input ter 
minals connected to secondary winding S2 of transformer 
PT4. The positive and negative output terminals of the 
bridge which constitute the output terminals of the pre 
amplifier are connected for regulating the field supply 
amplifier MA9 as hereinbefore described, Preamplifier 
MA10 is also provided with signal windings S, reference 
windings RF, and bias windings B. Signal windings S 
are connected for energization as a function of the field 
current as hereinbefore described. Reference windings 
RF are connected in series with a resistor R70 across the 
output terminals of rectifier bridge RBS. Bias windings 
B are connected in series with an adjustable resistor R72 
across the output terminals of rectifier bridge RBS. 

Decelerating current limit ampliñer MAM is provided 
with a pairof power windings P connected in a bridge 
comprising rectifiers _DR7-10 hereinbefore described and 
having its input terminals connected to secondary wind 
ing ~S2 oftransformer PT4. The positive and negative 
output terminals of the bridge which constitute the output 
terminals of the amplifier are connected for energizing the 
current limit windings CL of field supply amplifier MA9. 
Decelerating current limit amplifier MA11 is also pro» 
vided with signal windings S and reference windings RF. 
Signal windings S are connected in series with a resistor 
R74 across series armature resistor SAR for controlling 
field energízation as a function of armature current. Ref 
erence windings RF are connected in series with an ad 
justable resistor R76 across the output terminals of recti 
fier bridge RBS. 

Field weakening network FWN in Fig. 3D is similar to 
field strengthening network FSN in Fig. 3C as indicated 
by theV like reference characters, with certain exceptions. 
Field weakening network FWN is additionally provided 
with a field weakening rheostat RHS in series connection 
with kreference windings RF of preamplifier MA10’. 
There is also provided normally open contacts VRI of 
the aforementioned full voltage relay VR and normally 
closed ,contacts DB2 of the aforementioned dynamic 
braking contactor DB in series connection with yreference 
windings RF of preamplifier MA10’. A transformer PTS 
(Fig. 3B) having a primary winding connected across 
lines L7 and L8 and a pair of secondary windings S1 and 

, S2 is provided for energizing network FWN and for wea‘k 
ening the motor field windings for additional acceleration. 
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While amplifiers MA9', MA10' and MA11' of network 
FWN are identical to the corresponding amplifiers MA9, 
MA1@ and MAH of network FSN, it will be apparent 
as the description proceeds that amplifiers MA9­' and 
MA1/ii' are employed to weaken the field for acceleration 
land that amplifier MAM’ is an accelerating current limit 
amplifier. To this end, secondary winding S1 of trans 
former PTS is connected to the input terminals of pre 
amplifier MAifi' and accelerating current limit amplifier 
MAlî’ in parallel. One side of secondary winding S2 is 
counectable through normally open contacts F3 of for 
ward contactor F to the first input terminal of field supply 
rectifier bridge RBZ, or, alternatively, through normally 
open contacts R3 of reverse contactor R to the first input. 
of field supply rectifier bridge RBl. The other side of 
secondary winding Si is connected to the junction of 
power windings P of field supply amplifier MA9»’. The 
junction of resistors RSS and R60 is connected through 
normally open contacts F4 to the other input terminal of 
rectifier bridge RBZ, or alternatively, through normally 
open contacts R4 to the other input terminal of rectifier 
bridge REL rihe remaining connections of network 
FWN are similar to those describedl in connection with 
network FSN. 
The system further comprises a control network CN 

shown in Fig. 3B connected for energization partly 
through transformer PT3, and partly through transformer 
PTS and rectifier bridge RBS. Operating coils b of full 
field relays IFR and ZFR are connected in parallel across 
the positive and negative output terminals of rectifier 
bridge RBB. The remainder of network CN which is 
connected across the secondary winding of transformer 
PT3 is provided with a forward switch FS for operating 
forward contactor F, a reverse switch RS for operating 
reverse contactor R, and a stop switch SS, these switches 
being of the manual pushbutton type or the like. Net 
work CN is also provided with a main contactor M for. 
connecting lines L6-8 to the armature control network 
and field weakening network FWN, a timing relay DT 
for timing reversal of the motor, a dynamic braking con 
tactor DB, a regenerative braking contactor ZRB, a for 
ward control relay FR, a reverse control relay RR, and a 
regenerative braking control relay RB. The circuit con 
nections of the aforementioned elements of network CN 
will become apparent from the description of operation 
hereinafter appearing. 

Speed setting rheostat RH2 and field weakening rheostat 
RHS are preferably mechanically interconnected for oper 
ation in unison as indicated by the broken line. Rheo 
stat RHZ has its resistance arranged on the right-hand 
side and rheostat RHS has its resistance arranged on the 
left-hand side as symbolically depicted by the heavy 
arcuate lines. With this construction, full voltage must 
always be applied to the armature before field weakening 
can be initiated. To this end, movement of the arms of 
the rheostats counterclockwise effects increase in armature 
voltage to its full value when the arms are in their vertical 
positions and further counterclockwise movement of the 
arms effects field weakening as hereinafter more fully 
described. 
The operation of the adjustable voltage reversing plug 

ging system of Fig. 3 will now be described. Let it be 
assumed that a suitable three-phase power supply source 
is connected to lines L6, L7 and LS. As a result, power 
is supplied from lines L6 and L8 through the primary 
winding of transformer PTfi and from the left-hand sec 
ondary winding S2 thereof to the input terminals of de 
celerating current limit amplifier MA11 and preampli 
fier MA1@ in field strengthening network FSN in 
parallel. Power is applied from lines L7 and L8 through 
transformer PTS to the input terminals of regenerative 
braking amplifier MAS, preamplifier MA7 and current 
limit amplifier MA6 in parallel. Power is also applied 
through transformer PTS across control network CN 
shown in Fig. 3B. Power is further supplied through 
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transformer PT3 across the input terminals of rectifier 
bridge RBS and from the positive and negative output 
terminals of the latter, in> a first circuit, through operating 
coils b of full field relays IFR and 2FR in parallel, and 
in a second circuit having four parallel branches, extend 
ing through adjustable resistor R56 and bias windings B 
of regenerative braking amplifier MAS; through adjustable 
resistor R52 and bias windings B of preamplifier MA7; 
through armature current limit adjusting rheostat RHì, 
resistor R43 and reference windings RF of current limit 
amplifier MA6; and through adjustable resistor R32 in 
series with bias windings B of power amplifiers MAS, 
MA4 and MAS. 
Power is also supplied from the positive and negative 

output terminals of rectifier bridge RBS to field strength 
ening network FSN, in four parallel branches, extend 
ing through adjustable resistor R76 and reference wind 
ings RF of current limit amplifier MAH; through ad 
justabie resistor R72 and bias windings B of preamplifier 
MAifi; through resistor R70 and reference windings RF 
of preamplifier MAIS; and through adjustable resistor 
R64 and bias windings B of field supply amplifier MAQ. 
Power is further supplied from the positive and nega 

tive output terminals of rectifier bridge RBS to field 
weakening network FSN,` inv three parallel branches, ex 
tending through adjustable resistor R76 and reference 
windings RF of accelerating current limit amplifier 
MAli’; through adjustable resistor R72 and bias wind 
ings Bv of preamplifier MAlfl’; and through adjustable 
resistor R64 and bias windings B of field supply ampli 
fier MA9'. 

Operating coils b of polarized relays IFR and 2FR 
although energized, maintain contacts lFRl and ZFRi 
open until the shunt field windings are energized as 
hereinafter described. 
Under these conditions and before the control devices 

in network CN are manipulated, armature power supply 
amplifiers MAS, MA4 and MAS and preamplifier MA6 
are biased to cut-off by the aforementioned energization 
of their bias windings B. The energization of reference 
winding RF of current limit amplifier MA6 may be ad 
justed at rheostat RHi to bias the amplifier a predeter 
mined amount beyond cut-ofi so that the amplifier does 
not start to turn on until the armature current exceeds 
a predetermined value as hereinafter more fully de 
scribed. Regenerative braking amplifier MAS has its 
bias windings B energized to bias the amplifier full 
“on” As a result, relay iRB energizes and closes con 
tacts ÍlRBll to» energize regenerative braking contactor 
2RB. The latter closes contacts 2RB1 to complete the, 
aforementioned regenerative braking circuit. 
Vin ñeld strengthening network FSN, bias windings B 

bias field supply amplifier MA9 and preamplifier MAifl 
to cut-off. However, concurrent energization of ref 
erence windings RF V drives preamplifier MA1@ “011.” 
As a result, the output of- preampliñer MA1@ is applied 
through resistor R68 to energize regulating windings 
RGV of field supply amplifier MA9 to drive the latter 
“on” Energization of reference windings RF of de 
celerating current limit amplifier MAll biases the latter 
to’cut-ofif. ' 

In field weakening network FWN, bias windings B 
bias field supply amplifier MA9' and preamplifier MAIG’ 
to cut-off. Energization of reference windings RF of 
accelerating current limit amplifier MAH’ biases the lat 
ter to cut-ofi.' . ' 

Forward operation > 

' To operate motor M in the forward direction, forward 
switch FS is momentarily pressed to close contacts FSTL 
and open contacts F52 and PS3. Interlocking contacts 
FSZ prevent concurrent energization of reverse contactor 
R. and contacts FSS interrupt a point in the circuit of 
the operating coil of dynamic braking contactor DB. 
Contacts FSI complete an alternating current energizing 



asesinas 
I7 

circuit for the operating coil of forward contactor F 
­through contacts SSI, RSI and R5. As a result, con­` 
tactor F closes contacts F I and F2 to complete a forv. ard 
energizing circuit for shunt field windings SFI and SF2. 
This circuit may be traced from secondary winding SI 
of transformer PT4 through contacts F1, rectifier bridge 
RB1, operating coil a of relay 1FR, field winding SFI, 
coil of relay FL, resistor R4, bridge RBI, contacts F2, 
upper input terminal of amplifier MA9, resistor R60, 
negative output terminal of amplifier MA9, rectifier 
DRI6, right-hand power winding l? and lower input ter 
minal of amplifier MA9 to the other side of secondary 
winding SI of transformer PT4. The circuit of the al 
ternate half~cycle may be traced from secondary winding 
SI of transformer PT4 through the lower input terminal 
of amplifier MA9, the left-hand power winding P, rec 
tifier DRI4, positive output terminal, resistor R58, con 
tacts F2, bridge RBI, operating coil a of relay IFR, field 
winding SFI, coil of relay FL, resistor R4, bridge RB1 
and contacts FI to secondary winding SI of transformer 
PT4. Shunt field winding SF2 is energized in parallel 
with winding SFI in a circuit extending from the posi~ 
tive output terminal of rectifier bridge RBI through 
resistor R6, operating coil a of relay 2FR and winding 
SF2 to the negative output terminal of bridge RBI. Fil 
ter capacitor C being connected between the center taps 
of resistors R4 and R6 charges on each rectified half 
cycle and discharges through the field windings to in 
crease the field current. The circuit of capacitor C 
may be traced from the positive output terminal of bridge 
RBI through the right-hand portion and center tap of 
resistor R6, capacitor C and the center tap and right 
hand portion of resistor R4 to the negative output ter 
minal of bridge RBI. 
A signal proportional to the motor field current is fed 

back from the positive and negative output terminals of 
amplifier MA9 through resistor R62 to signal windings 
S of preamplifier MA10. This maintains the field cur 
rent constant. Thus, if the field current tends to increase, 
windings S regulate to limit the output of preamplifier 
MAIO, and if the field current tends to decrease, signal 
windings S correspondingly regulate the output of the 
preamplifier to stabilize the field current at a predeter 
mined value. 
Forward contactor F also closes contacts F3 and F4 

to connect field weakening network FWN to the field 
windings to become effective when full voltage relay VR 
is energized as hereinafter described. Contactor F fur 
ther closes contacts F5 to complete a self-maintaining 
circuit through contacts DTI in shunt of contacts SSI 
and FSI, closes contacts F8 to complete an energizing 
circuit for contactor M, opens interlocking contacts F6 
to prevent concurrent energization of reverse contactor 
R, and closes contacts F7 to partially complete the ener 
gizing circuit of control relay FR. 
Main contactor M energizes in a circuit extending from 

the secondary winding of transformer PTS through con 
tacts DTI and DB3, the operating coil of contactor M 
and contacts F8 and closes contacts M1, M2 and M3. 
As a result, power is applied from lines L7 and LS 
through the primary winding and secondary winding Si 
of transformer PTS across the input terminals of accel 
erating current limit amplifier MAII' and preamplifier 
MAIO’ in field weakening network FWN in parallel. 
Power is also applied from lines L6, L7 and LS to the 
input terminals of power amplifiers MAS, MA4 and 
MAS. 
When shunt field windings SFI and SF2 are partially 

energized, field failure relay FL energizes and closes 
contacts FLI to partially complete a maintaining circuit 
as hereinafter described. When shunt field windings 
SFI and SF2 are fully energized, operating coil a of 
polarized full field relay IFR energizes to aid the mag 
netic force of its operating coil b as indicated by the 
arrows on these coils and contacts IFRI close. As will 
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be apparent, operating coil a oí relay ZFR is energized 
in a direction to oppose the magnetic force of its coil b 
to prevent closure of contacts ZFRI. Contacts IFRI 
complete an energizing circuit for the operating coil of 
relay FR through contacts SSI, DB4 and F7. As a re 
sult, contacts FR3 complete a self-maintaining circuit 
in shunt of contacts IFRI and contacts FRI complete 
an energizing circuit from the positive output terminal 
of rectifier bridge RBS through speed setting rheostat 
RH2 and reference windings RF of preamplifier MA7 
to the negative output terminal of bridge RB3. Ener 
gization of reference windings RF drives preamplifier 
MA7 “on.” The output of preamplifier MA7 is ap 
plied through resistors R34 and R36 to energize regulat 
ing windings RG of power amplifiers MA3, MA4 and 
MAS in series, such output being filtered by resistor R38 
and capacitor C3 connected across resistor R36 and the 
preamplifier. This circuit may be traced from the left~ 
hand side of the secondary winding of transformer PT3 
through the lower input terminal and left-hand power 
winding P of preamplifier MA7, rectifier DR7, positive 
output terminal, resistors R36 and R34, regulating wind 
ings RG, negative output terminal and rectifier DRS 
to the right-hand side of the secondary winding of trans 
former PTS. The circuit of each alternate half-cycle 
may be traced from the right-hand side of the secondary 
winding of transformer PT3 through the upper input ter 
minal, rectifier DR9 and the positive output terminal of 
preamplifier MA7, resistors R36 and R34, regulating 
windings RG, and the negative output terminal, recti 
fier DRlfi, the right~hand power winding P and the lower 
input terminal of preamplifier MA to the left-hand side 
of the secondary winding of transformer PTS. Con 
tacts FR2 complete an energizing circuit through con 
tacts IFRI for the operating coil of contactor RB to 
close contacts RBI and shunt resistor RBRZ in the arma 
ture circuit. 

Energization of regulating windings RG drives power 
amplifiers MAS, MA4 and MAS “on” to energize arma 
ture A of the motor. The first phase armature energiza 
tion circuit extends from line L6 through contacts M1, 
input terminal, left-hand power winding P and rectifier 
DRI4 of amplifier MAS, rectifier DRI, series armature 
resistor SAR, armature A, contacts RBI, rectifier DRG, 
and rectifier DR16, the right-hand power winding P and 
input terminal of amplifier MAS and contacts M3 to line 
L8. Similar energizing circuits may be traced for the 
other two phases of the power Supply source from line 
L7 to line L6 and from line L8 to line L7. 
The current flowing through series armature resistor 

SAR energizes signal windings S of regenerative braking 
amplifier MAS in series with resistor R54 to drive the 
amplifier to cut-off. As a result, relay IRB deenergizes 
and opens contacts IRBI which in Iturn opens contacts 
ZRBI in the regenerative braking circuit hereinbefore 
described. 
As a result, the motor starts rotating in the forward 

direction. The armature voltage and consequently the 
speed of the motor may be increased by operating speed 
setting rheostat RH2 in the direction of the arrow. 
A signal proportional to armature voltage is fed back 

from the left-hand side of armature A through resistors 
SAR and R50, rectifier DR12 and signai windings S of 
preamplifier MA7 to the right-hand side of armature A 
to energize signal windings S. Increased energization 
of signal winding S decreases the output of the preampli 
fier thus to regulate increase in armature voltage. Recti 
fier DR blocks energization of winding S in the opposite 
direction during regenerative plugging. 
A signal proportional to armature current is fed back 

from the lower, positive end of series armature resistor 
SAR through resistor R46 and signal windings S of cur 
rent limit amplifier MAG to the upper, negative end of 
resistor SAR to limit the armature current. When 
speed setting rheostat RH2 is operated to increase the 
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armature voltage, the armature draws a high current from 
the power supply lines. As a result, the voltage drop 
across resistor SAR is correspondingly increased to in 
creasev the energization of signal windings S of current 
limit amplifier MA6. The output from amplifier MAô 
.to windings CL of power amplifiers MA3, MA4 and MAS 
is increased to decrease the output of the latter and con 
sequently limit the rate of rise in armature voltage. As 
a result, the armature current is limited to a safe value 
until a steady state condition is reached. The amount 
of current limiting may be adjusted by operating rheo 
stat RH1 in the clockwise direction to increase the cur 
rent limit and, in the counterclockwise direction to de 
crease the current limit. Normally, rheostat RHI may 
be adjusted to bias 'amplifier >MA6 a predetermined 
amount beyond cut-off so that current limiting is not 
effective until the armature current exceeds a predeter 
mined value. 
The IR drop compensation windings `COMP of power 

amplifiers MA3, MA4 and MAS are provided to help 
maintain the speed of the motor constant under variable 
load conditions. As the speed of a shunt motor at a given 
field strength is directly proportional to the difference 
between the applied armature voltage and the armature 
IR drop, »increase in motor load would tend to decrease 
the speed. Therefore, in order to maintain the speed 
constant as the armature IR drop increases with load, it 
is necessary to increase the applied armature voltage as 
a function of the load. 
To accomplish this, a signal proportional to the load 

current is applied from the lower, positive end of resistor 
SAR through adjustable resistor R30, and windings 
COMP in series to the upper, negative end of resistor R. 
Thus, each increase in load current is fed back to wind 
ings COMP to increase the output of power amplifiers 
­MA3, MA4 and MAS. As a result, the armature voltage 
is increased in response to increase in motor load to 
maintain the speed constant. 

Speed setting rheostat RH2 and field weakening rheostat 
ÁRHS are mechanically connected to one another and 
arranged so that operation of the movable arms in unison 
in the direction of the counterclockwise arrows applies 
full voltage to the armature before field weakening can 
be initiated. Thus, the motor speed is increased first by 
increasing the armature voltage and is then increased 
further by weakening the field. 
When full voltage has been applied to the armature 

by operation of rheostat RH2, full voltage relay VR ener 
gizes in a circuit extending from the left-hand side of 
armature A through resistor SAR, operating coil of relay 
VR and contacts RBI to the right--hand side of armature 
A. 'Contacts VRI close to complete an energizing circuit 
from the positive output terminal of rectifier bridge RBS 
through resistor R70, rheostat RHS, reference windings 
RF of field weakening preamplifier MAIÜ’ and contacts 
VRl and DB2 to the negative output terminal of bridge 
RBS. Energization of reference windings RF drives pre 
amplifier MA10’ “on.” The output of preamplifier 
MA10’ is applied across regulating winding RG of field 
supply amplifier MA9’. This kcircuit may be traced 
from secondary winding S1 of transformer PTS to the 
input terminals of preamplifier MAlû’ and from the posi 
tive and negative output terminals of the latter through 
resistor R68 across regulating Winding RG. 

Energization of regulating winding RG ydrives field 
supply amplifier MA9’ “on.” As a result, a field weaken 
ing circuit is established from the secondary winding S2. 
of transformer PTS through contactsk F3, rectifier bridge 
RBZ, operating coil of relay FL, field winding SFî, coil 
a of relay 1ER, resistor R6, bridge RBZ, contacts F4 and 
resistor R60, rectifier DR16 and the right-hand power 
winding P` of amplifier MA9' to secondary winding S2 of 
transformer PTS. A similar circuit for .the alternate half 
cycle may be traced through the left-handV portion of am 
plifier MAQ', contacts F4 and F3, and rectifier bridge 
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RBZ to field Winding SP1. Field winding SF2 is ener 
gized from the positive terminal of bridge RBZ through 
resistor R4, field Winding SF2 and operating coil a of 
relay 2FR to the negative terminal of bridge RB. 
As willbe apparent, the output of field weakening 

network FWN is applied to the shunt field windings to 
oppose the energization thereof supplied from field 
strengthening network PSN. The amount of field weak 
ening may be adjusted by operating rheostat RHS. Ro 
tation of the movable arm of the rheostat in the direction 
of the counterclockwise arrow accelerates the motor to 
its maximum speed. 
A signal proportional to the field weakening current 

is fed back from the positive and negative output termi 
nals of amplifier MA9’ through resistor R62 to signal 
windings S of preamplifier MAN’ to maintain the field 
weakening current constant for a given setting of rheostat 
RHS. Thus, if the field weakening current increases, 
windings S decrease the output of preamplifier MAÍlii’ 
and, if the field weakening current decreases, signal Wind 
ings S correspondingly increase «the `output of the pre 
amplifier to stabilize the field weakening current at a 
selected value. 
Armature current limiting during acceleration by field 

weakening is provided by amplifier MAll’. A signal 
proportional to armature current is fed back from the 
lower, positive end of resistor SAR through resistor R74 
and signal windings S of accelerating current limit ampli 
fier MAM’ to the upper, negative end of resistor SAR. 
When rheostat RHS is operated to weaken the field, the 
armature draws a high current from the power supply 
lines. A signal proportional to such increase in armature 
current is applied from resistor SAR to signal windings 
S to increase the output of amplifier MAH'. Such in 
creased output is applied from the positive and negative 
terminals of amplifier MAH’ through resistor R65 across 
current limit windings CL of amplifier MA9’ to decrease 
the output of the latter. The decrease in output of field 
weakening network FWN in effect strengthens the field 
to decrease the armature current. Thus, each time the 
field is weakened, the armature current is limited to a pre 
determined safe value. Resistor R76 may be adjusted to 
bias current limiting amplifier MAH’ a predetermined 
amount beyond cut-off so that current limiting is not 
effective until the armature current exceeds a predeter 
mined maximum value. 

Stopping with dynamic braking 

To stop the motor, stop switch SS is pressed to open 
contacts SSÍt and close contacts S52. Contacts SSlr inter 
rupt energization of relay FR and contactor RB. Relay 
FR opens contacts FRî to disconnect reference voltage 
from preamplifier MA7 whereupon bias windings B bias 
the latter to cut-off. As a result, power amplifiers MAS, 
MA4 and MAS are biased to cut-off and the applied 
voltage to armature A is terminated. Contacts FRZ 
further interrupt the circuit to contactor RB and con 
tacts FR3 interrupt the maintaining circuit to relay FR. 
Contacter RB opens contacts RBI without effect at this 
time. 

Contacts SSZ complete an energizing circuit through 
contacts RSS and FSS for the operating coils of dynamic 
braking contacter DB and timing relay DT in parallel. 
The latter closes contacts DB1 to complete a dynamic 
braking loop circuit from the left-hand side of armature A 
through resistor SAR, dynamic braking resistor DBR and 
contacts DBIL to the right-hand side of armature A. 
Contacts DB2 open to disconnect reference voltage from 
preamplifier MAifi’ to bias the same to cut-ofi. As a 

result, the output of ñeld weakening networkFWN terminated to effectively strengthen the field energization 

supplied from network FSN. 
Contactor DB also opens contacts DBS to interrupt 

energizationof contactor M. The latter opens contacts 
Mt, M2 and MS to disconnect power from the field weak 
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ening amplifiers and power amplifiers MAS, MA4 and 
MAS. Contactor DB further opens contacts DB4 to 
interrupt another point in the circuit of relay FR and 
closes contacts DB5 to complete a maintaining circuit for 
itself and relay DT. 
The armature applied voltage having been disconnected 

and the field energization maintained, the generated volt 
age of the rotating armature forces current through re 
sistor DBR to dynamically brake the motor for a pre 
determined time interval. After such time interval, timed 
opening contacts DTI interrupt energization of forward 
contactor F. The latter opens contacts F1, F2, F3 and 
F4 to interrupt the field energizing circuits, and opens 
contacts F5, F7 and F8 and closes contacts F6 to reset 
control network CN in its normal condition. Contactor 
DB, however, remains energized until operation of the 
motor is again initiated or the power line switch (not 
shown) is opened. 

Regenerative braking 
Let it be assumed that the motor is operating in the 

forward direction as hereinbefore described. When the 
speed of the motor is decreased by turning rheostats 
RHS and RHZ in the clockwise direction thereby to cie 
crease the load current below a predetermined value, the 
operating coil of regenerative braking relay IRB ener 
gizes. It will be recalled that the energization of bias 
windings B of regenerative braking amplifier MAS is ad 
justed at resistor R56 to bias the amplifier to its “on” 
condition. When the load current is decreased, the signal 
fed back from the positive lower end of resistor SAR 
through signal windings S of amplifier MAS, and resistor 
R54 to the upper negative end of resistor SAR is de 
creased. As a result, amplifier MAS is driven “on” to 
energize relay IRB. The latter closes contacts IRBI in 
network CN (Fig. 3B) to complete an energizing circuit 
for the operating coil of Contactor ZRB which in turn 
closes contacts 2RB1 to complete a regenerative braking 
circuit. This circuit extends from the left-hand side of 
armature A through resistor SAR, dynamic braking resis 
tor DBR, regenerative braking resistor RBRI and con 
tacts 2RB1 to the right-hand side of armature A. As a 
result, current is forced through resistors DBR and RBRI 
in series to brake the motor. 
When the motor again takes on load and the voltage 

drop across resistor SAR increases, amplifier MAS­ is 
biased to cut-off to deenergize relay IRB and Contactor 
ZRB to terminate regenerative braking. 

Alternatively, if smoother transition between running 
and regenerative braking is desired, the output terminals 
of amplifier MAS may be connected, as indicated by the 
partially broken lines, to energize an eddy current brake 
ECB which may be coupled to the motor shaft. 

While a magnetic amplifier MAS has been shown as 
preferable for controlling the regenerative braking means, 
it will be apparent that other devices, as for example a 
sensitive two-coil voltage relay, could be employed in 
place thereof in systems requiring less accuracy. 

Reversing plugging 
Let it be assumed that the motor is operating in the 

forward direction as hereinbefore described. To reverse 
the motor, reverse switch RS is pressed to open contacts 
RSI and R83 and close contacts RSZ. Contacts RSI 
interrupt energization of forward Contactor F to open 
contacts FI, F2, F3, F4, F5, F7 and F8 and to close 
contacts F6. Contacts RSS prevent operation of dynamic 
braking Contactor DB. Contacts RSZ complete an ener 
gizing circuit for reverse contacter R in a circuit extend 
ing through contacts SSI and FSZ, operating coil of con 
tactor R and contacts F6. 

Opening of contacts FI and F2 interrupts forward ener~ 
gization of the shunt field windings. As a result, full field 
relay IFR opens contacts IFRI and field failure relay 
FL opens contacts FLI to interrupt energization of relays 
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FR and RB. Relay FR opens contacts FRI to bias pre 
amplifier MA7 and power amplifiers MAS, MA4 and 
MAS to cut-off to remove power from armature A. Re 
lay FR also opens contacts FRZ and FR3 to interrupt 
further points in the energizing circuits of relays FR and 
RB. Relay RB opens contacts RBI to insert resistor 
RBR2 in the armature circuit as hereinafter described. 

Contactor R closes contacts R1 and R2 to connect the 
output of field strengthening network FSN to the input 
terminals of rectifier bridge RBZ to energize the shunt 
field windings in the reverse direction. Thus, a circuit 
extends from the positive output terminal of bridge RBZ 
through relay FL, winding SFI, relay IFR and resistor 
R6 to the negative terminal of bridge RBZ. Shunt field 
winding SF2 is energized in parallel with winding SFI 
through resistor R4, winding SF2, and the operating coil 
of relay 2FR. 

Contactor R also closes contacts R3 and R4 to connect 
field weakening network FWN to rectifier bridge RBI. 
Contacts R5 open to prevent energization of forward 
Contactor F, contacts R6 complete a self-maintaining 
circuit through contacts DTI, and contacts R7 partially 
complete an energizing circuit for relay RR. Contacts 
R8 close to reenergize Contactor M. 

Thus, the field energization of the motor has been 
reversed while the armature continues to rotate in the 
forward direction. Reversal of the field energization 
reverses the counter EMF voltage of the motor so that 
current flows through the power rectifiers in a circuit 
extending from the right-hand side of armature A through 
resistor RBR2, the three pairs of power rectifiers in 
parallel and resistor SAR to the left-hand side of arma 
ture A. As a result, regenerative braking is applied to 
the motor during plugging to zero speed. 
The regenerative braking current is regulated by con 

trolled energization of the field windings through opera 
tion of decelerating current limit amplifier MAII in field 
strengthening network FSN. To this end, a signal is fed 
back from the lower, positive end of resistor SAR through 
resistor R74 and signal windings S of current limit am 
plifier MAII to the upper, negative end of resistor SAR. 
Energization of signal windings S drives amplifier MAII 
“on” The output of ampliñer MAII is applied through 
resistor R66 to current limit windings CL of field supply 
amplifier MA9 to decrease the output of the latter. As 
a result, the field energization is regulated to limit the 
armature current to a safe value. Resistor RBR2 which 
was inserted in series with the armature by opening of 
contacts RBIat the start of this plugging-to-zero-speed 
period permits a higher motor field strength and conse 
quently a higher braking torque for a given regenerative 
braking current. 
When the armature approaches zero speed preparatory 

to reversal of rotation thereof, the energization of signal 
windings S of decelerating current limit amplifier MAII 
is decreased to bias the latter to cut-off. As a result, the 
output of amplifier MA9 is increased to permit full field 
energization in the reverse direction. Field failure relay 
FL energizes and closes contacts FLI to partially corn 
plete a maintaining circuit for relays RR and RB. When 
the field windings are fully energized, operating coil a 
of relay ZFR is energized in a direction to aid the mag 
netic force of its coil b thereby to close contacts ZFRI. 
The latter complete an energizing circuit for the operat 
ing coil of relay RR through contacts R'l, DB4 and SSI. 
Relay RR closes contacts RRI to drive preamplifier MA7 
which in turn drives power amplifiers MAS, MA4 and 
MAS to reapply armature voltage as hereinbefore de 
scribed in connection with forward operation of the 
motor. Relay RR also closes contacts RRZ to complete 
a maintaining circuit for its operating coil through con 
tacts FLI, and closes contacts RRS to complete an ener 
gizing circuit for the operating coil of relay RB. The 
latter closes contacts RBI to again shunt resistor RBR2 
effectively out of circuit. 
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When the armature reaches zero speed and starts to 
rotate in the reverse direction, its speed can be adjusted 
by adjusting the armature voltage at rheostat RHZ. As 
hereinbefore described in connection with forward op 
eration, relay VR energizes at full armature voltage to 
provide an output from field weakening network FWN. 
Thus, the speed can be increased still further by operat 
ing field weakening rheostat RHS. 

Current limit protection during reversing-plugging of 
the motor of Fig. 3A is graphically shown in Fig. 4. In 
the graph in Fig. 4, the ordinates lrepresent magnetic am 
plifier current limit output while the abscissae represent 
motor current. As will be apparent, tapered current limit 
protection is afforded. Curves A, B and C on the graph 
represent the outputs of current limit amplifiers MA11, 
MA6 and MA11', respectively. The projections of the 
regulating, diagonal portions of these curves vertically 
onto the horizontal coordinate represent the ranges of 
armature current for the field strengthening stage, the 
armature voltage stage and the field weakening stage, 
respectively, as indicated on the graph. 

Let it be assumed that the motor is operating full speed 
forward. Under these conditions, the motor current has 
a maximum value as indicated at the lower portion of 
Fig. 4. When the reverse button is pressed, decelerating 
current limit amplifier MA11 provides an output in ac 
cordance with curve A to limit the armature current to 
not more than the maximum value during the period of 
time during plugging when the motor is regenerating and 
the field is strengthened in the reverse direction. When 
the motor speed decreases, the motor current decreases 
also in accordance with curve A. When the motor ap 
proaches zero speed and full reverse field has been ap 
plied and the armature draws current from the power 
supply lines as indicated by the intersection of curves A 
and B, current limit amplifier MAG affords current limit 
ing in accordance with curve B. When conditions of full 
armature voltage have been reached and the motor ap 
proaches acceleration to base speed in the reverse direc 
tion, full voltage relay VR energizes to render field 
weakening network FWN effective. As a result, ac 
celerating current limit amplifier MA11' effects current 
limiting from a point indicated by the intersection of 
curves B and C until the motor has accelerated to weak 
field speed in the reverse direction. 
An essential feature of the invention resides in the 

novel field bridge networks wherein substantially all the 
current flows in the field winding circuits rather than 
through the turned off field supply rectifier bridge. Also 
the reversing contacts are arranged on the alternating 
current side of the field supply rectifier bridges to prevent 
discharge of the field therethrough. The result is to en 
hance the operating life of the reversing contacts. 

It may be assumed that resistors R4 and R6 in each 
of Figs. 1A, 2 and 3A have equal ohmic values so that 
the field bridge networks are balanced. However, not 
all of the current supplied by rectifier bridge RBi in Fig. 
lA, for example, flows through the field windings. Some 
of the current will by-pass field windings SFll` and SF2 
and iiow from the positive output terminal of rectifier 
bridge RB?. through resistor R6, rectifier bridge RB2 and 
resistor R4 to the negative terminal of bridge RBI. The 
energy of this current is lost. To improve the efficiency 
of the network, capacitor C is connected across the cen 
ter taps of resistors .R4 and R6. As a result, capacitor 
C charges in response to the pulsating direct current and 
discharges through the shunt field windings to decrease 
the loss. The charging circuit may be traced from the 
positive terminal of bridge RBI through the right-hand 
portion and center tap of resistor R6, capacitor C and 
the center tap and right-hand portion of resistor R4 to 
the negative terminal of bridge RBI. The discharge cir 
cuit may be traced from the right-hand side of capacitor 
C to the center tap of resistor R6 and then in parallel 
through the field windings to the center tap of resistor 
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R4 and the left-hand side of capacitor C. As a result, the 
by-pass current loss through bridge RB2 is decreased 
from l() to l2 percent to approximately 2 percent. 

In the series motor circuit of Fig. 2 wherein the load 
current fiows through the field windings, a capacitor such 
as C of Fig. 1A is not practical because it Would have 
to be prohibitively iarge to conduct the load current. 
Therefore, resistors R8 and R1@ respectively connected 
in parallel with normally closed contacts R3 and F3 are 
employed to decrease the by-pass currents. Thus, when 
rectiñer bridge RBl is supplying the field windings in the 
forward direction, contacts R3 are closed to shunt re 
sistor R8 in the field supply circuit and contacts F3 are 
open to effectively insert high resistor R10 in the by 
pass circuit. This by-pass circuit extends from the posi 
tive terminal of bridge RBî through resistor R4, coil a 
of relay CR, resistor Riti, bridge REZ, resistor R6, coil 
b of relay CR and contacts R3 to the negative terminal 
of bridge RBÍ. Alternatively, when bridge RBZ is sup 
plying the field windings in the reverse direction, contacts 
F3 are closed to shunt resistor Riti in the field supply cir 
cuit and contacts R3 are open to effectively insert high 
resistor R8 in the by-pass circuit. 
The field bridge circuit in Fig. 3A is provided with a 

capacitor C as hereinbefore described in connection with 
Fig. 1A. 

I claim: 
l. In combination, a translating device having a pair 

of inductive regulating windings, a pair of resistors con 
nected in a bridge network with said windings and dis 
posed in alternate branches thereof, a pair of unidirec 
tional conducting devices each having input terminals and 
output terminals, one of said unidirectional conducting 
devices having its output terminals connected across one 
pair of diagonally opposite junctions of said bridge net 
work and the other unidirectional conducting device hav 
ing its output terminals connected across the other pair 
of diagonally opposite junctions of said bridge network, 
an alternating current supply source, means for selective 
ly connecting said source to the input terminals of said 
unidirectional conducting devices for energizing said in 
ductive regulating windings in opposite directions, con 
necton of said source to the input terminals of one of 
said unidirectional conducting devices effecting energiza 
tion of said inductive regulating windings in one direc 
tion and also causing current flow through said resistors 
and said other unidirectional conducting device in a by 
pass circuit which current by-passcs said inductive regu 
lating windings, and means responsive torconnection of 
said source to one of said unidirectional conducting de 
vices for decreasing the current by-passing said inductive 
regulating windings through said other unidirectional 
conducting device 

2. The invention defined in claim l, wherein the last 
mentioned means comprises a capacitor connected be 
tween mid-portions of said pair of resistors in said bridge 
network. 

3. The invention defined in claim 1, wherein the last 
mentioned means comprises impedance means having a 
high value relative to the impedance of said windings and 
means responsive to connection of said source to one of 
said unidirectional conducting devices for effectively in 
serting said impedance means in the by-pass circuit eX 
tending through said other unidirectional conducting de 
vice. 

4. The invention defined in claim 3, wherein said 
impedance means comprises a resistor having a high 
ohmic value relative to the impedance of said wind 
ings in circuit with each of said unidirectional conduct 
ing devices, and said inserting means comprises nor 
mally closed contacts shunting said resistors. 

5. In combination, a translating device having a pair 
of inductive regulating windings, a pair of resistors con 
nected in a bridge network with said windings and dis 
posed in alternate branches thereof, an alternating cur 
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rent supply source, and means for selectively connecting 
said source to one or the other pair of diagonally op 
posite junctions of said bridge network for unidirectional 
energization of said inductive regulating windings in op 
posite directions, said means comprising selectively op 
erable contacts, and unidirectional devices between said 
contacts and said windings for preventing inductive dis 
charge of said windings through said contacts. 

6. The invention defined in claim 5, wherein said wind- ’ 
ings comprise field windings of an electrodynamic ma 
chine arranged for selective forward or reverse ener 
gization. 

7. The invention defined in claimm 5, wherein said 
windings comprise shunt field windings of a direct cur 
rent motor. 

8. The invention defined in claim 5, wherein said wind 
ings comprise series field windings of a direct current 
motor. 

9. In a motor control system, in combination with 
a motor having an armature winding and a pair of field 
windings, a pair of resistors connected in a bridge net 
work with said ñeld windings and disposed in alternate 
branches therof, means for energizing said armature and 
field windings and comprising means for energizing said 
field windings in selectively opposite directions for for 
ward and reverse operation of the motor, respectively, 
the last mentioned energizing means comprising an alter 
nating current source, forward and reverse switches, and 
a pair of unidirectional conducting devices each having 
input terminals and output terminals, the input terminals 
of a first one of said devices being connectable through 
said forward switches to said source and the input ter 
minals of the other device being connectable through 
said reverse switches to said source, the output terminals 
of said first device being connected across one pair of 
diagonally opposite junctions of said bridge network 
and the output terminals of said other device being con 
nected across the other pair of diagonally opposite junc 
tions of said bridge network, and said bridge network 
having a discharge path for said field windings which 
by-passes said forward and reverse switches. 

10. The invention defined in claim 9, wherein said 
means for energizing said armature and field windings 
further comprises an amplifier for supplying and control 
ling power from said source through selected ones of 
said switches and unidirectional conducting devices in 
series to said armature and pair of field windings. 

11. The invention defined in claim 10, together with` 
means for adjusting the output of said amplifier to control 
the speed of the motor. 

12. The invention defined in claim 9, together with 
braking means for said motor. 

13. The invention defined in claim 12, wherein said 
braking means comprises regenerative braking means, 
and means responsive to decrease of the motor load cur 
rent to a predetermined value for rendering said regener 
ative braking means effective. 

14. The invention defined in claim 12, wherein said 
braking means comprises eddy current braking means 
coupled to said motor, and means responsive to change 
in the value of motor load current for rendering said 
eddy current braking means effective as a function 
thereof. 

15. The invention defined in claim 9, wherein said 
means for energizing said armature and field windings 
comprises an alternating current source, an amplifier 
connected between said source and said armature, first 
adjustable means for adjusting the output of said ampli 
fier to selectively control the armature voltage, forward 
and reverse switches, a field strengthening network for 
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connecting said source through some of said forward 
switches to said input terminals of said first unidirec 
tional conducting device and through some of said re 
verse switches to said input terminals of said other uni 
directional conducting device, a field weakening network 
for connecting said source through others of said for 
ward switches to said input terminals of said other uni 
directional conducting device and through others of 
said reverse switches to said input terminals of said first 
unidirectional conducting device, said field windings be 
ing energizable through said field strengthening network 
and selectively through said forward and reverse switches 
in shunt of the armature winding, and second adjustable 
means for adjusting the output of said field weakening 
network for controlling the speed of the motor. 

16. The invention defined in claim 15, wherein said 
first and second adjustable means are mechanically inter 
connected to prevent field weakening under the control 
of said second adjustable means until said first adjust 
able means has been operated to apply full armature 
voltage. 

17. The invention defined in claim 16, together with 
means for initiating stopping of the motor, and means 
responsive to said stopping means for rendering said field 
weakening network ineffective. 

18. The invention defined in claim 9, wherein said 
means for energizing said field windings comprises an 
alternating current source, forward and reverse switches, 
a field strengthening network comprising an amplifier for 
connecting said source through certain ones of said for 
ward switches to said input terminals of said first uni 
directional conducting device and through certain ones 
of said reverse switches to said other unidirectional con 
ducting device, and a field weakening network compris 
ing an amplifier for connecting said source through others 
of said forward switches to said input terminals of said 
other unidirectional conducting device and through oth 
ers of said reverse switches to said input terminals of said 
first unidirectional conducting device to oppose the re 
spective forward and reverse energizations of said field 
windings supplied through said field strengthening net 
work. 

19. The invention defined in claim 18, wherein said 
field weakening network further comprises means for se 
lectively adjusting the output thereof to adjust the motor 
speed. 

20. The invention defined in claim 19, wherein said 
field weakening network further comprises amplifier 
means for automatically limiting the armature current 
below a predetermined value when said adjusting means 
is operated to accelerate the motor, and said field strength 
ening network further comprises amplifier means for 
automatically limiting the armature current below a pre 
determined value when said switches are operated to 
reverse the energization of the field windings. 

21. The invention defined in claim 20, together with 
braking means for said motor, means responsive to the 
motor load current decreasing to a predetermined adjust 
able value for rendering said braking means effective, 
and means responsive to the motor load current again 
increasing to a predetermined value for rendering said 
braking means ineffective. 
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